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Su"A#y t 
Seven injectors  of four different  types were tes ted  f o r  use; with t I 

Jp-4 - oxygen-fluorine  propellant  combinations. By using  the bept of t$ese 
injectors ,  high charac te r i s t ic   ve loc i t ies  were obtained  over  the'comglete 
range of 0- t o  70-percent  fluorine i.n the oxidant. Combustion pressure 
i n  the water-cooled t h r u s t  chambers was 600 pounds per square inch 
absolu te .  

The  same basic injection  requirements  apparently  prevail   for  f luorine- 
rich  oxidants as for  pure oxygen where simultaneous  atomization and  mixing 
of the  propellants gave the most favorable results, and  atomization  alone 
yielded  bet ter  performance  than m i x i n g  alone. 

A triplet injector  (atomization w i t h  mixing)  gave the highest per- 
formance  and was e f f i c i en t  over wide ranges in  oxidant-fuel r a t i o .  How- 
ever, the design of t r i p l e t   un i t s  seems t o  be more c r i t i ca l   t han   an t i c -  
ipated. MLnor design changes i n  oxidant   o r i f ices   resu l ted   in   s ign i f icant  
shift i n  performance.  Veziation in  arrangernut of  t r i p l e t   u n i t s  on in- 
jector  faces  gxeatly  influenced the heat-transfer rates through the  engine 
walls. Proper or ientat ion of t r i p l e t   u n i t s  wtth respect t o  each  other 
reduced the danger  of injector-face  burning. 

A like-on-like  injector  creating  finely  divided  atomlzation depended 
l e s s  on engine  length  for good performance  than a t r ip l e t   i n j ec to r  having 
coarser  sprays. 

Equivalent  performance  efficiencies  resulted from two injectors  
similar i n  concept, b u t  one had many smll injection  elements  while the 
other had f e w  large  units.  The lat ter   Fnjector ,  however, w a s  more prone 
t o  burn a t  the face. 
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This investigation was  undertaken as part of a broad  study on the ad- 
. vantages of adding  fluorine t o  oxygen for  use with JP-4 f u e l  as rocket- 

. , 'propellgnt  combinations  (refs. 1 t o  9 ) .  Engibes for long-range missiles 
I- using the oxygen - JP-4 combination  have  been w e l l  developed  because of 

I 3 t h e  favorable  logistics  and performance  of this propellant  combination. 
The addi t ion  of   f luorine  to  the oxidizer is a feas ib le  means of improving 
performance with little addi t ional  development,  and a l so  adds the d i s t inc t  
advantage of se l f - ign i t ion  with je t  f u e l  (ref. 1). if;l cn 

0 

. .  Theoretical   calculations (refs. 2 t o  4) and  experimental measurements 
(refs. 5 and 6) indicate a continuous  performance  increase with the 
f luor ine   addi t ion   un t i l  the oxidant  contains  70-percent  fluorine. However, 
oxidant  handling becomes more d i f f i c u l t  and  engine heat rejection  increase8 
with the fluorine  addition. 

The injection  techniques  successful w i t h  oxygen alone may be equally 
applicable  to  oxygen-fluorine mixtures, even  though f luorine imparts in- 
creased  react ivi ty  (refs. 7 and 8). Greater care, however, must be  exer- 
cised  in  injector  design  to  avoid  injector-face  burnouts  caused by the 
higher temperatures, heat release, and react ivi ty   associated with fluorine.  

The in jec tors  used i n  the eweriments  reported  herein embodied inde- 4 

pendent a t t e n t i o n   t o  the pr inciples  of atomization, mixing,  and  simultane- 
ous  mixing  and  atomization. The layout  of the injector   faces  was kept 
geometrically similar in   order   to   analyze the effects  of  injection  techni- 
que8 upon performance. . .  " .. . 

Water-cooled  rocket  engines were designed  for loo0 pounds of thrust  
at a nominal  combustion chamber pressure of 600 pounds per square inch 
absolute. Two engine lengths were used, one giving a charac te r i s t ic  
length  of 30 inches  and the other a characteristic length of 15 inches. 
JP-4 j e t   f u e l  was used with oxidant  mixtures  containing 0-, 15-, 30-, 45-, 
60-, and  70-percent  fluorine by weight i n  the oxygen. 

Experimental  values  of  characteristic  velocity,  specific  inpulse, 
nozzle  thrust  coefficient,  and  over-all heat re jec t ion  were determined as 
functions  of the weight  percent  of the f u e l   i n  the propellant combination. 
These r e s u l t s  were in te rpre ta ted   in   re la t ion   to  work previously  reported 
(ref. 5). 
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Chamber pressure was measur'ed w i t h  a strain-gage-type  transducer. 
Thrust was measured with a s t r a i n  gage attached  to a flexure-plate t h r u s t  
stand.  Propellant  flow  rates were determined by differential-pressure 
transducers  across the venturis. These primary measurements were precise  
within k2 percent. 

Firing  operations were controlled  remotely; the duration of most runs 
was  4 seconds. With short  f u e l  leads and overrides,  propellants were 
pressure fed by hel ium t o  the engine. An auxi l iary  igni t ion system was 
used when the oxidant  contained no f luorine.  

Injectors  

Seven in jec tors  of four different   basic  "pes were used. Three of 
these  injectors  employed sets of t r i p l e t  jets of two oxidant streams on 
one f u e l  stream. Two in jec tors  used V-jet" configurations t o  provide 
p a r a l l e l  atomized sheets of f u e l  and oxidant. One injector  was designed 
t o  provide m i x l u g  of the l i q u i d  propellants  without  atomization.  In 
addition, data were obtained from the injector  described  in  reference 5; 
it formed a l a rge   nude r  of very small atomized  fans of the propellants 
by like-on-like  iqpingement. For mst of the  injectors,  seven unique s e t s  
of one f u e l  and two oxidant  oriflces were centered on the  corner^ and 
center of a hexagon. This consis tent   re la t ion was held   to  minimize the 
ef fec ts  of variables hot associated with propellant  atomization and  mixing, 
for  exa-le, dis t r ibut ion.  
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All of  the  injectors b u t  one . ( ia jector  4) were made of nickel.  In- 
jector 1 {fig.  1) w a s  a triplet type  designed so that the  spray  fans formed 
by each  injection element  could  not  interfere with each  other. The oxi- 
dant  holes were dr i l led at an  angle  through the f la t  face ,   resu l t ing   in  
e l i p t i c a l   p o r t s  a t  the surfaces. Thrust pe;r_.element was 143 pounds. 

R 

Injector  lA was ident ica l   to   in jec tor  1 i n  pattern ( f ig .  1). However, 
each  oxidant  hole was formed  by a tube  inser ted  in  the face t o  give 
straight flat entrance  and  exit  edges a t  the  oxidant  orifices normal t o  
the direct ion of  f l u i d  flow. It was believed that harder, more c o q a c t  VI 

l iqu id  jets would i ssue ,   resu l t ing   in  better and more precise  atomization 
on iupingement . 

IFr 
m 
0 

Injectors  2 and 2A ( f ig .  2) u t i l i zed  drilled and  grooved i n s e r t s   t o  
c rea te  V-shaped f ine ly  atomized  propellant sheets. These inse r t s  were 
brazed  into the injector   face with the  control  grooves  parallel .  They 
were protruded beyond the face of  injector 2 t o  minimize a tendency of the 
oxidant sheets to  cause  burning  of the metal face, and  then, were set f l u s h  
w i t h  the face of  injector 2A t o  attempt to prevent  burning of the oxidant 
inser t s .  

When more than two angled  l iquid jets impinge  symmetrically,  negligi- - 

ble atomization  occurs and only a la rger  single straight jet  i s  formed. 
This phenomenon was employed i n  the design of injector  3 ( f ig .  3) where 
the elements  consisted  of  four f u e l  holes d i rec ted   for  f u e l  penetration 
and  mixing i n  each oxidant stream i n  the l i q u i d  state without  atomization. 

1 

I 

Unlike the others ,   in jector  4 ( f ig .  4) w a s  made of  solid,  uncooled 
aluminum. The assembly w a s  accoqelished by furnace  brazing. The s i x  
triplet uni t s  (similar to   those of . injector  1) of this injector  were ar- 
ranged i n  a Eikewed array so that no interference between spray fans  could 
occur t o  cause  face  burning. This par t icu lar  arrangement i s  however, not 
conducive to  systematic  scaleqp  to  large  engine-thrust   levels.  

Injector 5 ( f ig .  5) consisted of 82 p a i r s  of fuel  holes  and 70 p a i r s  
of  oxidant  holes for like-on-like  prope.llant-jet..  &ti.rgement. The hole 
combinations were oriented t o  provide many f ine ly  atomized parallel fans 
i n  alternate rows o f  f u e l  and  oxidant (ref. 5) . The thrus t  per pair of 
holes was less than 7 pounds. 

Combustion Chambers 

The thrust chambers were of either a 30- or  15-inch  characterist ic 
length (L*), had a contraction area r a t i o  of 3.8, and an exparsion area 
r a t i o  of 5.25. 
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These  chanbers were fabricated by two different  techniques. Both types 
were water cooled: one wi th   sp i r a l  passaBes  shaped  by t h e  hY*d-ic 
forming method described in reference 10, and the other with longitudinal 
passages  consisting  of wire r i b s  between the  inner and outer mlls fabri- 
cated by the method discussed  in  reference 11. Nickel was used for   the  
inner walls and Inconel f o r  the outer w a l l s  of a l l  engines. Ty-pical di-  
mensions a re   g iven   in   f igure  6, along w i t h  a photograph  of  the two engine 
types. The cooled  surface  areas  for  the 30 L* and  the 15 L* engines 
were  79.7 and 50.45 square  inches,  respectively. 

High performance e f f ic ienc ies ,   in  terms of character is t ic   veloci ty ,  
were obtained w i t h  all the fluorine-oxygen - JP-4 ccanbinations studied. 
These combinations  covered the ent i re   useful   range of  0- t o  70-percent 
f luorine  in   the  oxidant .  

The most e f fec t ive   in jec tor  used in   the   p resent   inves t iga t ion  m s  the  
t r i p l e t - j e t  type,  injector 1. Performance results from this injector ,  
however, were not   s ignif icant ly  better than those  previously  obtained w i t h  
the  l ike-on-like  injector 5 (ref. 5), although  engine heat-re jec t ion  rates 
were higher. 

Comparisons of the r e s u l t s  from the various  injectors,  when testea 
w i t h  oxygen - Jp-4, a r e  made i n  f igures  7 and 8. The elrperimental values  
of character is t ic   veloci ty   plot ted  in   f igure 7 demonstrate the r e l a t i v e  
effectiveness  of  different  injection  techniques  in  promoting  efficient 
combustion.  Corresponding data on heat rejection  through the engine 
walls are   presented  in   f igure 8. 

The e f fec t s  of f luorine  addi t ion to the  oxidant may be  observed i n  
the  detailed  curves of f igure 9, where characterist ic  velocity,   nozzle 
thrust   coeff ic ient ,   specif ic  impulse, and hea t   re jec t ion  are presented 
as obtained from t r ip l e t   i n j ec to r s .  

The c ross   p lo ts   in   f igure  10 give summary curves  representative of 
conditlons  encountered a t  m a x i m u m  experimental  performance  throughout  the 
u s e f u l  range of fluorine  addition. Here the results f r o m  a t r i p l e t  and 
the  like-on-like  injector  (previously  studied} are compared. 

A couTplete compilation of experimental data and  performance  values 
is presented   in   t ab le  I. Adjusted values  a r e   a l s o   l i s t e d ,  which consider 
variations of experimental couibustion pressures  from  the  specified 600 
pounds per squre inch  absolute  and  performance  losses  associated with the  
heat discharged by the  cooling  water. Adjustment generally amounted t o  
less   than 2 percent of the  measured performance. 

.. 
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Injector  Performance I 

The various  injectors were first tested with oxygen - JF-4 i n  engines 
of a 30-inch  characterist ic  length as a screening  process  to  determine 
the respective  performance  characteristics  and  tendency toward injector-  
face  burning.  Injector  performance was evaluated on the basis of  char- 
acter is t ic   veloci ty   because of somewhat anomolous r e s u l t s  relative t o  
nozzle  thrust   coefficients.  

IP 

Throughout the investigation,  the  values  for t h r u s t  coeff ic ient  were i! 
lower  and less cornistent  than  anticipated.  Instrumentation  and measure- 
ment techniques were thoroughly  checked for  accuracy t o  prove that they 
were correct.  Possibly, the d i f f i cu l ty  w a s  caused by heterogeneous gas 
flow  or  other phenomena occurr ing   in  the engine  nozzle. No def in i te  ex- 
planat ion  for   these results was found; but,  because  of them, the data f o r  
character is t ic   veloci ty ,  rather than  specif ic  impulse, properly  indicate 
the trends of performance  variations among injectors.   Characterist ic 
velocity is r e l a t ed  more singular ly   to   propel lant  combustion efficiency 
than is spec i f ic  imgulse, which also  considers  other  variables  such as 
the process of emansion  through the engine  nozzle. 

The injector  performance  results  of the present  investigation agree 
with those of related work with single-element  injectors (refs. 7 and 8). 
Of the two principles  considered most important in  propellant  preparation a, 

by  inject ion element,  atomization  promotes high efficiency more readi ly  
than  does  mixing. The use  of  mixing  simultaneously with atomization 
produces s t i l l  higher  efficiency. " 

Injector  3, which was intended  to emphasize propellant mixing while 
minimizing  atomization, gave the lowest  performance of a l l  the in jec tors  
tested ( f ig .  7) .  

Good performance was obtained  with  injectors that atomized  both pro- 
pellants  without  providing  for  enforced  mixing  (injectors 2, ZA, and 5).  
Injector  2 yielded 8 maximum character is t ic   veloci ty   equivalent   to  that 
of   injector  5 ( f i g  . 7), even  though injector  2 had much coarser  and fewer 
sprays.   Injector 2, however, was not immune t o  face burning; whereas even 
after very  extensive use, injector  5 never showed evidence of deteriora- 
t ion.   Injector  2A was ident ica l   to   in jec tor  2 in   pat tern,   except  that the 
V-jet i n se r t s  were set flush witkthe f ace   t o  minimize injector  damage. 
The in jec tor  was. burned  nevertheless. 

O f  the in jec tors  studied with oxygen - JF-4, a triplet- jet type 
( in jec tor  1) gave the highest characteristic velocity. The triplet con- 
f igura t ion  w a s  chosen because it provided for  both  atomizing and mixing 
of the propellants  simultaneously. 
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Triplet   in jector  3A was pat te rned   a f te r   in jec tor  1; but it w a s  ex- 
pected  to  produce finer  atomization  while  retaining the same r e a l i s t i c  
level ,  of t h r u s t  per  unit .  When injector  LA was tested,  it gave a con- 
siderably  different performance  than  injector 1; but  i t s  performance -was 
lower, evidently  because of some change in   oxidant- je t   character is t ics  
resu l t ing  from minor design  changes. The d i f fe rence   in  performance  between 
the two injectors   indicates  that t r i p l e t   un i t s ,  combining the pr inciples  
o f  mixing  and atomization, are more cr i t ical   in   design  than  previously 
suspected. Variations in   ox idant - fue l   ra t io  do not alter the  efficiency 
of a t r ip l e t   i n j ec to r   t o  any appreciably  extent, bu t  designs  for  proper 
atomization and  mixing must be understood  before high performance leve ls  
can  be  obtained  consistently. 

ReductLon i n  engine  length  produced  an  interesting comparison  between 
the only two in jec tors  (1 and 5) that had given high performance without 
f a i l u r e  through burnouts. It would be expected that t r i p l e t   i n j e c t o r s ,  
by vir tue of t h e i r  simultaneous  atomizing  and m i x i n g  charac te r i s t ics ,  
would fos t e r  a concentrated  and  intense combustion  zone c lose   to  the 
injector   facej  whereas injectors ,  which only  atomize the propellants,  would 
produce a more diffuse combustion region  extending farther down the t h r u s t  
chauiber . (This was t r u e  i n   t h e  work reported  in  refs. 7 and 8.) Neverthe- 
less ,  data obtained i n  engines w i t h  only a 15-inch  characterist ic  length 
(15 L*) c lear ly  show a greater decrease i n  performance f o r  the t r i p l e t  
than f o r  the  like-on-like  injector. As shown i n   f i g u r e  7, p e r f o m n c e  
of injector  1 fe l l  7 percent below the comparable data from 30 L* engtnes; 
that of injector  5 dropped  only 4 percent. This behavior is more obvious 
when the e f f ec t  of engine  characterist ic length on over-al l  heat r e j ec t ion  
measured for   the two in jec tors  i s  observed  (fig. 81. 

Apparently, the t r ip l e t   i n j ec to r  depended more on engine  length  for 
high efficiency  than the like-on-like  injector,  although at a l l  times the 
t r i p l e t  gave the higher absolute  character is t ic   veloci ty .  However, the 
two injectors  (1 and 5) represent  widely  different  levels of  thrust-per- 
injection  element.  Accordingly, it may be  concluded that fineness of  
injector  detail {if thls entai ls   f ineness  of propellant  atomization) nil1 
cause the combustion flame t o  seat new the injector  face,   while  propellant 
preparation by both  atomization  and  mixing w i l l  give highest eff ic iency.  

Heat ReJection 

VariatLon in   in jec t ion  method had an  even greater   effect  on the  engine 
heat-rejection  rate  than -on performance efficiency. Although the duration 
of most of the runs (4 sec) was rather short fo r  complete s t ab i l i za t ion  
of heat  transfer w i t h  these  engines, the r e s u l t s   g i v e n   i n  figure 8 prob- 
ably  represent  the  injection  influence  adequately. 
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A l l  of the injectors  (except  injector 3, which  gave  poor  performance) 
produced greater heat reject ion  than the re ference . in jec tor  5. The coarser 
spray  pat tern (higher thrust-per-injector  element)  of  these  injectors  ap- 
parent ly   resu l ted   in  greater scrubbing  of local areas of the engine walls 
by burning  gases. 

s 

Almost a l l  o H E e   i n j e c t o r s  tested (with the  notable  exception of in- 
jec tor  5) exhibited burning  or  melting  of the in jec tor   face   to  some ex- 
tent.  Usually, the low thermal conductivity  of  braze  joints was c lear ly  
responsible rather than the arrangement  of the injection  elements. The 
t r i p l e t  elements  of  injector 1, f o r  example, were arranged i n  such a way 
that the spray  fans, which r e s u l t  from j e t  impingement, could  not  inter- 
fere with each  other.  Previous  experience with f luorine had  revealed that 
such  interference, as well as the presence  of  protruding and recessed sur- 
faces  on the  injector  face,  could  cause  severe  burning  of the in jec tor  
face (ref. 11). The face  of  injector 1 was not  burned i n  this manner; 
thus,  avoidance  of  interference  between  triplet  sprays  can minimize in- 
Sector  burnouts. 

These resu l t s   aga in  emphasize the care that m u s t  be exercised  in   in-  
jector  design.  Psoper  at tention  to  braze and weld joints,  cooling  of the 
face, and, most important, the arrangement of in jec t ion   un i t s  on the face 
w i l l  alleviate face  burning. 

01 
0 

InJector with Triplet-Jet Elements i n  Skewed Array 
b 

Injector  4 had t r i p l e t  elements similar t o  those of   injector  1. These 
elements were arranged  differently,  however, ( f ig .  4) to   ob ta in   addi t iona l  
confirmation that triplet  in jec tors  are not  susceptible  to  face  burning 
if  the sprays do not interfere. In jec tor  4 w&8 made of solid aluminum 
and w a s  e s sen t i a l ly  uncooled. It was run  repeatedly with an  oxidant con- 
taining  15-percent  fluorine  covering a wide range of oxidant-fuel   ra t io .  
Lit t le  burning  of the face was evidenced. The characteristic ve loc i t ies  
obtained were equivalent  to  those of i n j ec to r  1; whereas, heat-transfer 
requirements  to  cool the engine walls were considerably lower (fig.   S(b)).  

Injector  4 was run  with  an  engine which had  only  been used before 
w i t h  in jector  5 f o r  the work reported  in   reference 5. Both of the in- 
jec tors  tested w i t h  this chsniber yielded the only high values  of  thrust 
coeff ic ient  (and, consequently,  specific  impulse)  recorded in the course 
of the program. For . this   reason,   injector  4 and i t s  engine were next 
reassembled for  running  with JP-4 - oxygen mixture (without  fluorine 
addition).  A detonation on starting  destroyed  both  engine  and  injectur. 
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Fluorine  Addition 
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The two in jec tors   se lec ted   for  the continuation of the  study with 
f luorine  addi t ion  to   the 'oxihnt  were the   t r i p l e t   i n j ec to r s  1 and 1A. 
While similar i n  design,  they differed g r e a t l y   i n  performance. They were 
chosen to  determine whether the  addi t ion of f luor ine   to  the oxidant would 
a l t e r   t h e   r e l a t i o n   i n  performance  between two geometrically s i m i l a r  in- 
jec tors  elubodying the same inject ion  pr inciples .  In short ,  would in jec t ion  
techniques  successful w i t h  owgen  be  equally applicable t o  fluorine-oxygen 
mixtures 

These two in jec tors  (1 and U] were used w i t h  oxidant mixtures con- 
ta ining 0-, 15-, and  30-percent  fluorine  (figs.  9(a),  (b), and (.>>. In 
general ,   the  percentage  difference  in performance  between the  two in- 
jectors ,  1 and lA, held  uniform  over the range of fluorine  concentrations 
tested,   indicating that for   injectors   using the same type of propellant 
preparation,  the  addition of f luorine does not alter in jec t ion  demands. 

Only the   in jec tor  that gave the highest  performance  (injector 1) w a s  
used f o r  the examination of fluorine-oxygen - JF-4 combinations r i c h   i n  
f luorine.   Resul ts  of the work with the various  oxidant  comgositions  are 
presented  in   f igure 9. Values from the faired  curves of f igure  9, taken 
at the oxidant-fuel   ra t io  of maximum performance fo r   i n j ec to r  1, were 
p l o t t e d   i n  figure 10 as functions of oxidant  composition.  Similar data 
from in jec tor  5 (ref. 5 )  were included  for comparison. 

The region of lowest   eff ic iency  for   injector  1 occurred a t  the   in te r -  
mediate  fluorine  concentrations. This apparently  indicates  lack of design 
optimization  rather  than a phenomenon characteristic of the  propellants,  
s ince   in jec tor  5 was par t i cu la r ly  efficient i n  this region. A t  no point, 
however, did the performance  curves of either in jec tor  fa l l  more than 2.5 
percent away frm a mean of the two curves when considering either char- 
ac t e r i s t i c   ve loc i ty  or  spec i f ic  impulse ( f ig .  l O ( a ) )  . This is  within the 
probable limits of accuracy of the data. 

Heat re jec t ion  when using  injector 1 was about  double that obtained 
w i t h  in jec tor  5 (fig.   lO(b)).  

Concluding Remarks 

The results  obtained,  in  general ,   indicated that high performance  can 
be  obtained from in jec tors  of very few in jec t ion   un i t s  per 1000 pounds of 
engine t h r u s t  as well as from  those  having a W g e  number of units.  Proper 
care as to  optimization is necessary  for  obtaining the highest  performance 
leve ls .  The same considerations  and  principles of injection  should be  ap- 
p l i ed   fo r  JP-4 with fluorine-owgen  mixtures as f o r  the JF-4 and 
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oxygen combination,  but  design details shoula be evaluated with the oxi- 
dant  mixture in   quest ion  for  f i n a l  optimization. 

In jec tors   for  use with Jp-4 - okygen-fluorine  rocket-propellant can- 
binations were evaluated experimentally  with  1000-pound-thrust  engines 
at a combustion pressure  of 600 pounds per square inch  absolute  over a 
range of f l u o r h e   a d d i t i o n   t o  the oxygen. The results are summarized as 
f o l l m  : 

IP 
VL 
(T, a 

1. High charac te r i s t ic   ve loc i ty   e f f ic ienc ies  were obi%ined mer the  
complete  range of u s e f u l  f luorine  addi t ion (0 t o  70 percent),  although 
injector  design was not  optimized. 

2. V a l u e s  at highest performance from the faired curves axe as 
f ollars : 

Fluorine  in  oxidant, 15 0 
weight  percent 

Fuel, weight percent 

5760  5740 Characteristic  velocity,  ft/sec 

2.23  2.33 Oxidant-fuel w e i g h t  r a t i o  

31  30 

Equilibrium 97  95 
Frozen 99 97 

Nozzle t h r u s t  coefficient 1.45 1.41 

Equil ibrFum 90 93 
Frozen 96  93 

Specific impulsel ( lb)  (sec]/lb 260 254 

Equi l ibr ium 91 87 
Frozen 96  92 

Percent  of  theoretical maxFmum, 

Percent of theore t ica l  maximum, 

Percent of theore t ica l  maximum, 

Heat rejection,  sversge  over-all,  
Btu/(sec) (sq in.] 4.6  4.6 

. . .. 

30 

27 

2.70 

5780 

93 
95 

1.48 

96 
99 

265 

88 
93 

4.3 - 

45 

- 
27 

2.70 

6000 

93 
96 

1.45 

"" 

-" - 

268 

07 
93 

4 .O 
. .  

6280 

96 94 

6520 

97 99 

1.41 1.40 

93 91 
96 93 

276  282 

87  87 
93 94 

4.2 5.1 

3. The t r ip l e t   i n j ec to r ,  which gave the above resulte,   indicated that 
high  perforwnce is. obtainable with high thEust  per t r i p l e t   u n i t  (143 lb -  
thrust /uni t ) .  

- . . . .  
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4. The f a c t  that the  lowest  efficiencies  occurred at intermediate 
fluorine  concentrations seem t o  depend  on injector   design  ra ther   than on 
any basic couibustion charac te r i s t ics  of the propellant.  

5. Arrangement of t r i p l e t  un i t s  on the  injector  faces  considerably 
influenced  over-all  engine  heat  reyection. 

6 .  Burning of injector   faces  was  a l lev ia ted  by careful   or ientat ion 
of t r i p l e t   u n i t s   t o  minimize in te rac t ion  of sprays. 

7. Although t r ip l e t   i n j ec to r s   a r e   r e l a t ive ly   i n sens i t i ve   t o   va r i a t ion  
of oxidant-fuel   mtio,  the design of t r ip le t   un i t s   for   h igh   e f f ic iency  
and r e l i a b i l i t y  is more cri t ical   than  previously  expected. 

8. The same basic in jec t ion   requi rements   p reva i l   fo r   j e t  f u e l  with 
oxygen-fluorine  mixtures as for   the  JP-4 - oxygen combination.  Final 
optimization of injectors ,  however, should  be done by t e s t i n g  with the 
oxidant  mixture i n  question. 

9.   Injectors,  which only  atomized  the  propellants, gave bet ter   per-  
formance than  the  injector that emphasized propellant mixing  alone. 
Atomizing  and  mixing the  propellants  simultaneously, as by t r i p l e t   i n j e c -  
tion  units,  inproved  performance  further. 

10. Inject ion by finely  divlded  atomization  apparently  caused  the 
flame to   seat   nearer  the injector   face and w a s  l e s s  dependent  on  engine 
length  for high eff ic iency  than  inject ion by coarser  sprays. 

L e w i s  Flight  Propulsion  Laboratory 
National Advisory Committee for  Aeronautics 

Cleveland, Ohio, W c h  20, 1958 
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Figure 1. - Triplet-jet-type  Injectors;  elements arranged to  produce  parallel epray fans; t?lMentE 
provide s h l t e o u e  atomization  and l n u n g  of propellants. (All dimensions In Inches.) 
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Figure 2.  - V-je t -me  injectors ;  elements arranged to produce  parallel spray fans; 
elements  emphasize atoplization of propellants.  (All dlmanalons In  lnohes.) 
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Figure 3. - Concentric-Jet-type inJeotor; elementrc emphaaiee mixing of 
propellants. (AU dimensions in inohea.) 
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Figure 4. - hiplet-jet-tgpe  lnjeotorj  elements arranged t o  produce spray fans in 
skewed array; elementa provide aimultaneoua atomleation and mixing of propellante. 
( A l l  dlmenaiona in inches.) 
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Fi r e  5 .  - Like-on-like-type  Injector;  elements emphasize atomization of propellants. 
$uA11 dimenslons i n  inchea.) 
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Figure 7. - Experimental and theoret ica l   character is t ic   Veloc i t ies ;   fue l ,  m-4; 0x1- 
dant,  oxygen;  combustion  pressure, 600 pounds persquare . inch absolute; rocket 
engine thrust, loOa pounds. 
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Figure 8 .  - Experimental heat  rejection. Fuel, 3p-4~ oxidant, oxygen; combustion 
pressure, 600 pounde ger square inch abeolute3 rocket engLne thrust, loo0 pounds. 
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Figure 9. - Experimental and theoretical.  characteristic  veloc- 
ity,  thrust  coefficient,  specific  impulse, and heat  rejection. 

rocket  engine thrust, 1000 pounds. 
Combustion  pressure, 6 0 0  pounds per  square  inch  absolute; 
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( b )  Fuel, JP-4; oxidant,  15-percent  fluorine and 85-percent 
oxygen. 

Figure 9 .  - Continued.  Experimental and theoretical  character- 
l e t l c   ve loc i ty ,  thrust coeff iaient ,   epecl i lc  Impulse, and 
heat  rejection. Combustion pressure, 600 pounds per aquare 
inch  abaolute;  roaket  engine thrust, loo0 pounds. 
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(c) Fuel, JP-4; oxidant, 30-percent  fluorine and 70-percent oxygen. 

Figure 9. - ContFnued.  Experimental and theoretical  characteristic 
velocity, thrust  coefficient,  specific impulse, and  heat  rejec- 
tion. Combustion  pressure, 600 pounds  per  square  Inch  absolute; 
rocket  engine thrust, 1000 pounds. 
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Oxidant-fuel  weight  ratio 

(a)  Fuel, JP-4;  oxidant,  45-percent fluorine and 55-percent 
oxygen. 

Figure 9. - Continued.  Experimental  and  theoretical  character- 
lata velocity, thrust  coefficient,  specific Impulse, and 
heat  rejection.  Combustion  pressure, 600 pouncls per equare 
inch  absolute;  racket  engine  thrust, 1000 pounds. 
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(e) Fuel, JP-4; oxidant, 60-percent  fluorine  and  40-percent 
oxygen. 

Figure 9. - Continued.  Experimental  and  theoretical  character- 
istic veloclty, thrust  coefflclent,  specific imprilse,  .and 
heat  rejection.  Combustion  pressure, 600 pounds per square 
inch absolute; rocket  engine thrust, 1000 pounds. 
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(f) Fuel, JP-4; oxidant, 70-peroent fluorine and 30-percent 
oxygen. 

Figure 9. - Conalubcd. Experimental and theoretical charac- 
terietlc velocity, thrust coefficient, specific impulse, and 
heat rejection. Cpmbustlon preEBure, 600 pmnde per square 
inch abeolutej rocket engine thrust, lo00 pounds. 
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Fluorine in  oxidant, weight percent 

(a) Maximum experimental and  theoretical characteristic  veloc- 
ity and specific impulse. 

Figure 10. - Performance of fluorine-oxygen - Jp-4 combina- 
tions as functions of fluorine content in oxidant. Com- 
bustion pressure, 600 pounds  per  square inch absolute; 
rocket  engine  thrust, 1000 pounds. 
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(b) nozzle thrust  coefficient and over-all  average 
heat  rejection  at conditions of maximum  charac- 
teristic  velocity. 

Figure 10. - Concluded. Performance of fluorlne- 
oxygen - Jp-4 conibinations as functions of 
fluorine  content  in  oxidant.  Combustion pres- 
sure, 600 pounds per  square inch absolute; 
rocket  engine thrust, 1000 pounds. 
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